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Due to the soft nature of the underfoot conditions in an oil sand mine, mobile equipment
tends (0 develop greater amounts of maintenance problems than similar equipment in
OIher types of mines. This is an investigation into cracking of haul tlUck dump bodies in
oil sand mining service using the Finite Element Method (FEM). This work identifies the
damage mechanism and source causing this persistent problem, which occurs at the
intersection of the widthwise and lengthwise box-style floor stiffeners. In particular,
compressive, membrane stresses are setup at these intersections resulling from overall
bending of the floor plate from the weight of the ore. Superimposed onto these
membrane stresses are localized bending stresses caused by very slight deflections, or
twist, within the frame. Depending on the magnitude of twist, these localized bending
stresses can overcome the compressive membrane stress producing sufficient tension to
propagate a crack in this as-welded. non-heat-treated connection.
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Chapter: 1 Introduction
Syncrude Canada Ltd. (SCL) is the world's largest producer of crude oil from oil sands,
and the largest single-source producer in Canada. Its crude oil production facility
operates on the immense reserves of the Athabasca oil sand deposit north of Fort
McMurray. Alberta, converting bitumen. an asphaillike oil that is as thick as molasses in
iLS natural siale, into a marketable crude oil. Oil sand is mined in an open pit using large
shovels and heavy hauler trucks. The extraction of bitumen from oil sand involves
mixing the ore with hoI water and caustic soda, conditioning it for separation as it travels
through a hydro-transport pipeline. Once inside the separation vessel, bitumen floats to
the surface while the sand settles away. In the upgrading plant, bitumen is converted into
a light crude oil by fluid coking, hydroprocessing, hydrotreating and blending. The final
product (Syncrude Sweet Blend) is transported by pipeline to Edmonton area refineries
and to pipeline terminals, which in tum ship it to other refineries in Canada and the
United States.
Syncrude uses some of the largest mining trucks available in the world, known as heavy
haulers, for its mining operalions in both the Mildred Lake and the Aurora mines. These
include such trucks as the Komatsu 930E (Figure I-I) with a payload rating of 320 tons,
and the largest truck in the world, the Catcrpillar 797 (380 tons). They move overburden
material to storage areas, move ore to the crushers where the process starts, move tailings
sand, and even move material back into the mine to reclaim depleted areas. To put it into
perspective, it takes two tons of oil sand to produce one barrel of oil. As well, an equal
amount of overburden must be removed to expose that ore. At present, Syncrude
produces over 250,000 barrels of crude oil daily, which means that over I Million tons of
material are moved each day.
F'IgU~ I-I: Komatsu 'JOE Hnvy llauie.. Mining Truck
To move such vast amounts of material daily, SCL employs a fleet of almost 80 heavy
haulers, all of which were acquired through two local dealerships. The business of
developing and selling mining trucks, however, is fiercely competitive. Due to this
competitiveness. infonnation beyond standard specifications and promotional material is
rarely shared by each of the vendors. When specific infonnation is shared. it is usually
used to troubleshoot maintenance activities and is safeguarded from being disclosed to
other vendors. 1lle result is an environment of limited communication in which
infonnation does not flow freely. Although it hinders research activities, it is an accepted
and essential pan of the haul truck business: one that researchers and engineers must
learn to work with.
seL is not in thc busincss of designing bettcr haul trucks; however, to improve the
reliability, productivity and safety of the haul truck fleet, it is necessary to understand the
mine-specific operating conditions. This thesis should help to develop a more detailed
understanding of the nature and magnilUde of the forces subjected to a typical haul truck
body in Syncrude mining operations. This work should provide infonnation useful with
respect to maintcnance issues with the existing fleet, and help reduce operational costs.
Thc increased understanding may also guide decisions to purchase future equipment, and
may generate better designs for oil sand applications.
The equipment modeled in this study is a Syncrude owned Komatsu 930E heavy hauler
mining truck. It is currently the second largest type of mining truck used at the site, and
has a payload rating of 320 Ions (290 melric tonnes). The truck is equipped with whal is
referred to as a standard dump body. Strictly speaking, however, the body is not a
standard 930E body. Significant modifications have been made 10 adapi the structure for
oil sand mining operations, including the addition of abrasion resistant cladding on the
floor and sidewalls, and measures for strengthening the floor struclUre. Considering the
fact that this work is an evaluation of a floor-stiffener cracking problem, it should be
recognized that the modifications to the floor structure were quite extensive. All of the
stiffening structure from the hinge pivOi to the rear was replaced with materials of twice
the original thickness, and one-inch thick plates have been added to both sides of the two
main rails. Although floor-stiffener cracking is most prevalent in this body, the problem
is observed to lesser degrees in all haul truck bodies on the SCL mine sites. In other
words, this thesis should not be considered as a design evaluation of standard 930E dump
bodies. Rather, it is an investigation into a persistent problem observed in all types of
dump bodies in oil sand service.
Chapter: 2 Basic Concepts
Before we get into the details, it would be helpful to introduce some of the basic concepts
and techniques of the finite element method. The finite element method, also known as
Finite Element Analysis (FEA), is a numerical method for solving problems in
engineering and physics. For many real-world problems, it is impossible to obtain an
analytical solution. Analytical solutions generally require the solution of differential
equations and auxiliary conditions, which can become cumbersome or even impossible
depending on the complexity of the geometry. material properties and boundary
conditions for the problem at hand. As a result, engineers and scientists often resort to
numerical methods such as the finite element method to obtain acceptable solutions.
Some of the areas where FEA is frequently applied include structural analysis, heat
transfer, mass transfer, and electromagnetism.
Finite element fonnulations recast the differential equations normally required to solve
Teal world problems with a series of simultaneous algebraic equations. The underlying
concept of FEA is to divide the complex geometry into a system of intereonnected
bodies, such that a solution for each is approximated. This process of dividing a problem
into discrete finite elements is called discretization. Rather than attempting to solve the
entire problem in one cumbersome operation, algebraic equations for each element are
formulated and then combined to obtain the solution of the entire system 1.
2.1 Finite Element Theory
2.1.1 Basic Principle of Finite Element Analysis (FEA)
To illustrate the basic principle of FEA, we consider the spring displacement system of
Figure 2-1. The system consists of three paddles connected together with an arrangement
of springs. Each of the three paddles has a single degree of freedom (DOF). which is
translation along the horizontal plane, and has an external force applied. The paddles
represent nodes in a FEA, while the springs represent the elements interconnecting them.
The symbols at the base of the paddles represent the boundary conditions applied to this
system. The triangular shaped symbols represent a fixed displacement condition. while
the circle shaped symbols represent rollers that imply these paddles are free to move in
the horizontal direction only.
/
Figure Z·I; Spring Displacement System
The objective is to establish a relationship between displacements and forces.
(Z·I)
2.1.1.1 Element Stiffness Matrices
The first step in the finite element method is to discretize the problem and to formulate
the element stiffness equations. Figure 2-2 represents the behavior of a generic spring
element. The governing equation for a spring is I = kd. That is, the force in a spring is
proportional to the difference in the end displacements, and the constant of
proportionality is referred to as the spring stiffness, k.
FigUR2-2: ~Deric:SpringBehavior
For this particular element, the relationship between the nodal displacements (u,) and the
nodal forces (fi) can be expressed as:
[_K -KlJu')=lf')K K JluB liB (2-2)
Similarly, each of the spring elements for the system in Figure 2-1 ean be described in
terms of the nodal displacements and the element forces, the internal forces within each
spring element.
Kf -/]l::H::)Element #1 -I (2·3)
K,[ 1 ~t:)=j;:)EJement#2 -I (24)
[I -I]J"') J/')Elemenl#3 KJ -1 1 lu) =1/)
2.1.1.2 Assembly of Element Equations into Global Stiffness Matrix
(2·5)
The objective, however, is 10 represent the relationship between the nodal displacements
and the nodal forces, or the forces applied externally to the nodes of the finite element
modeL To do this, the element stiffness matrices above must be assembled into one
global stiffness matrix fomlUlation. By representing the above element stiffness
fonnulations with all the nodal degrees-of-freedom (OOF) present. it is possible 10
directly superimpose them fonning the global stiffness matrix.[I -I ~l!JK'[~ ~ll!JKE -Ill"'} nK , -I 1 ~ :: = ;:o 0 -I (2-6)
[K'+K' -K,
-K, Jl"'} n-K, K1 +K1 2 "2 = F1
-K, -K, K2 +K) ul F) (2·7)
2.1.1.3 Boundary Conditions and Solution
The boundary conditions associated with displacement based finite element fonnulations
consist of known displacements and forces (or pressures. etc.) at each node. In order to
solve a FEA problem, an externally applied displacement or force must be known for
each DOF of each node in the system. Either a displacement or force is specified. or the
externally applied force is known 10 be zero. In the system described in Figure 2-1. the
first paddle is fixed. As a result. this nodal displacement is known (u/=O). Considering
this, it is possible to reduce the system by eliminating the row and column of the stiffness
matrix associated with this DOF as follows:
(2·8)
(2-9)
With the known displacements accounted for. we are left with the global stiffness matrix
relating the nodal displacements to the forces applied aI the nodes. Therefore. it is
possible to determine the unknown displacements by re-arranging and solving the system
of equations as follows:
(2-10)
2.1.2 Formulation of a 20 Bar Element Stiffness Matrix
A spring element is perhaps the simplest fonn of a finite element. which was well suited
for describing the overall solution methodology used in PEA. As stated earlier. however
PEA is used to solve problems in many different technical disciplines. The first step in
any such analysis is to develop the element matrix equations. called stiffness matrices in
the structural analysis realm. The following procedure will illustrate the concepts used in
structural PEA to develop element stiffness matrices using the case of a one-dimensional
bar element. suitable for modeling pin connected truss networks2.
2.1.2.1 Definition of the Element Type
Figure 2-3 is a schematic representation of a simple pin connected structural element
subjected 10 the tensile force, T. The pin connections are represented in PEA by nodes,
labeled 1 and 2. Nodal displacements, III and "l, represent positive axial displacements








Figure 2-3: One-dimeMiollllJ Bar Element
The following assumptions have been made in deriving the barelemenl sliffness matrix);
I. The bar cannot sustain a shear force.
2. Any effect of transverse displacement is ignored.
3. Hooke's law applies; that is, axial stress o. is related to the axial strain E. by
2.1.2.2 Selection of the Displacement Function
To begin, we must choose a displacement function with the total number of coefficients
equal 10 the number of degrees of freedom associalcd with the element.
IO
(2-11)
Expressed in matrix fonn, this equation becomes:
(2-12)
To express lhis function in tenns of nodal displacements, U/ and U2, we evaluate u at each
node solving for 0/ and 02 as follows:
which gives:
[" -" I,u=u 1 + Ti










2.1.2.3 Strain - Displacement and Stress - Strain Relationships
The strain - displacement relationship for this one-dimensional problem is.
e
s
=~= U 1 ~Ul
and the stress - strain relationship for this uniaxial state of stress is.
where E is the modulus of elasticity for the bar material. and as is the axial stress.
2.1.2.4 Element Stiffness Matrix




where A is the cross-sectional area of the bar.
stress-strain relationships. the expression becomes
(1-21)
Using the strain-displacement and
T=A~ u2 ~UI)





When expressed together, in matrix form. these equations become.
12
If,)=~[l -1]1",)
1/1 L -1 I lU 2
For a one-dimensional bar element, the stiffness matrix is:
2.1.2.5 Transfonnation into Global Coordinate System
(2-25)
(2-26)
The one-dimensional bar element, as derived above, is not well suited for solving
engineering problems in its present fonn. To solve pin..conncctcd truss networks, it
would be helpful to have nodal forces and displacements defined in a bi-axial (planar)
coordinate system as opposed to a uniaxial coordinate system (Figure 2-4).
t"igure 2·4: Transformation into Global Coordinate System




which can be written in matrix fonn as·,
13
I~,}~[C S 0 o]j:::)
LUI 0 0 C S U z,
""
!!=I*.!! (1·:Z\l)
where C = cos 0 and S = sin O. Similarly. the global force vector can be obtained
l.~I·£






In order to detennine Ihe expression relating the global forces to global displacements.
we must invert r which is not immediately possible because it is not a square matrix.
Instead, we must expand the element matrices to be consistent with the global
coordinates, recognizing the fact that the nodal forces nonnal to the bar element allis will
always be zero. The relationship between element and global displacements becomes,
and similarly,
l.~I£











By multiplying both sides of this equation by II, we obtain the relationship between the
global forces and global displacements:
(2-38)





From above, we can see that the stiffness matrix in global coordinates, f, is
(2-41)








-S'lC'k=~ CS- L _C1CS
2.2 FEA Techniques
2.2.1 Example of a Bar Element Truss Problem
With the global stiffness matrix for a one-dimensional bar element defined in Cartesian
coordinates, it is now possible to use this element to solve a pin-connected truss problem.
Figure 2-5 is an example of a pin-connecled truss. Each of the truss members has a
cross-sectional area. A, and a modulus of elasticity, E; and the truss is subjected to two
loads, P and 2P. The purpose of this problem will be 10 il[ustmte the process involved in
solving for member forces and displacements using the finite clement method. and later,
10 demonstrate several techniques, used throughout the thesis, that CQuid be utilized to




2.2.1.1 Discretize Geometry and Formulate Element Equations
The first step in the solution process is to break up the geometry into discrete or finite
elements. As shown in Figure 2-6, the tlUSS structure has been broken into nine elements
(in red) and the pin connections have been designated as nodes (in blue)
®
CD
FIgUR 2-6: Discretiud Truss Slruc:tUR
®
The second step is to fonnulate the stiffness equations for each of the nine elements.
Element number I has a length of 2L and 0 = 30", therefore its stiffness matrix is
evaluated as follows:
j/"j [3 .J3 -3 -.J3jj'''jh, AE J3 I -J3 -I "'1f l , =8i -3 -J3 3 .J3 "l.
Element #1 1)1 -J3 -I J3 I ")1 (2-43)




Element 5 has a length of Land () = 27if, therefore its stiffness matrix is evaluated as
follows:
Element #5 (2-45)





} [I -1 -I 1]{Ub}i31 = J2AE -1 I 1 -I "31
k 4L -I 1 I -1 ":Ix
Element #7 iJl 1 -I -I I "J, (2-46)
Element 9 has a length of 2L and 0= 330", therefore its stiffness matrix is evaluated as
follows:
(2-47)






I"I [I -I O]{""l111 =~ _0 0 0 U11I., L 1 1 0 u4,
1., 0 0 0 U41
{
I"I [I -I O]{""l1., =~ 0 0 0 U4,
I~. L -1 1 0 us.
1~1 0 0 0 U~1
(2-48)
(2-49)
Elements 2 and 8 have lengths of (J3 -l)L and B= 0°, therefore their stiffness matrices
are evaluated as follows:
rl [I -I 1"1111 AE 0 0 o U I1I" = (.J3-I~ -I 1 o ""Element #2 111 0 0 o U 11
rl [I -I 1"1ISy AE 0 0 o U~1I" = (.J3-I~ -I 1 o U~.Element #8 161 0 0 o U61
(2·50)
(2·51)
2.2.1.2 Assemble Global Stiffness Matrix
With each of the element equations fonnulated, it is now possible to assemble the global
stiffness matrix. In this particular FEA model, nodal displacements at the two pin
supports (nodes 1 and 6) are known to be zero. Sint;:e these nodes are inactive, there is no
need to include the tenns associated with these DQF into the stiffness matrix. For node
2, we wish to assemble the two equations that relate nodal displacement to the global
19
forces applied to the model at that node. To do this, we must incorporate the stiffness
terms related to the global forces, F2x and Fl" from each of the three elements connected









For node 3, we must incorporate the stiffness tcrms related to FJx and FJy from each of




~[-!f .fi 3+2.fi 0 0 0 _fi fir4 4 4 4 UJ , =r'}L .fi
_fi 5+2.fi
-I fi _fi ".. F"




For node 4, we musl incorporate the stiffness terms related to F4x and F4J from each of
the three elements connected to this node (elements 4, 5 and 6) as follows:
""
""





Lastly, for node 5, we must incorporate the stiffness terms related to F5x and FJJ from





Then, combining these ellpressions for nodal forces, we obtain the global stiffness matrill:
21
I + 4+.fi eli _eli _eli
-1 0pr::i] 4 4 4 4










_eli _eli 0 S+2.fi -1 eli _eli ... F..L 4 4 4 4 4
." F"-1 0 0 0 0 -1 0
."
F.,
0 0 0 -1 1 0 0 ... 1'"
0 0 _eli eli -1 0 1 4+.fi _eli F"4 4 93=l}+-4- 4
."
eli _eli 0 0 _eli eli
4 4 4 4
0' K!!=E. (2-57)
2.2.1.3 Nodal Displacements
The next portion of the FEA solution process involves applying the specified boundary
conditions and solving for nodal displacements. The supporting boundary conditions for
this FEA model have already been accounted for. As was mentioned earlier, the DOF
associated with nodes I and 6 are constrained to be zero by the pin boundary conditions.
As a result, these DOF are inactive and have been omitted from the global stiffness
matrix formulation. There are, however, (WO vertical loads applied to nodes on the
bottom of the truss frame. Represented in vector form and adhering to the nodal sign










To solve for nodal displacements, we must rearrange equation 2-57 by multiplying both
sides with the inverse of the stiffness matrix
























This portion of the results is referred to as the nodal solution.
23
2.2.1.4 Solve for Element Forces
Having determined the nodal displacements, we may now go back to the element level to
determine the forces present within each element. Substituting the now known nodal
displacements into the element stiffness equations and solving, we obtain what is referred
to as the element solution. For example, the element stiffness equations for element
number 1 were:
l ~,) [3Ii, ;~ J3fl. 8L-3f" -fj













-fj 3 fj AE 4
-1 fj 1 3
-12
(2-63)
and carrying out the multiplication yields:
1 3fj




Since element I is situated on an angle, we must find the resultant of the nodal force
components to determine the tensile or compressive inline force within the element. The
resultant, R, of the force components f lA and fly is
(2-65)
and from the direction of these force components we can ascertain that element #1 is in
compression. This procedure is then repeated to determine the forces in each of the
remaining elements, and with these forces it is possible to evaluate the stress and strain
within each element.
2.2.2 Symmetry Considerations
The truss problem suggested in Section 2.2.1 was geometrically symmetrical about a line
drawn down the center of the structure. If the loading applied to the truss had been
symmetrical about this centerline as well (Figure 2-7), then the principle of symmetry
could be used to reduce the computational effort required to solve the problem. When
subjected to a symmetrical set of loads, the results will be a mirror image on both sides of
line of symmetry. To take advantage of this propeny, the model may be cut along line of
symmetry, and only half of the model needs to be processed to obtain a solution. By
reducing the number of active DOF required to solve the problem, the size of the stiffness
matrix that must be assembled has also been reduced. When used in FEA software to
solve large problems, the advantages include faster solution times and a reduction in
25
storage requirements, or the ability to produce finer mesh densities or larger models
within computer hardware and software limitations.
ISymmetry
p
Hgu~ 2·7: Symmetrical Truss Problem
p
In this half model analysis, symmetry boundary conditions are applied to nodes along the
cut boundary, and the vertical element is reduced in cross-sectional area by one-half. In
general, symmetry boundary conditions consist of constraining nodal displacements
noonal to the line (or plane) of symmetry, while peonitting displacement along this line
(or plane). If rotational degrees of freedom were used, then the rotational DOF out of the
plane of symmetry would be constrained. For this particular model. the symmetry
boundary conditions are simply the condition, u~ = 0, applied to the nodes along the line
of symmetry (Figure 2-8).
26
pFigure Z·8: Truss Half Model with Symmetry Boundary Conditions
Figure 2-9 shows the discretization used to solve this half model analysis. The element
and node numbering has been chosen to be consistent with the full model analysis in
Section 2.1.1. As a result, the equations for element numbers 6 thru 9 will be the same.
®
figure 2-9: TrusslllllfModel Discretization
In this half model analysis, however, element 5 has half the cross·seclional area of the
element 5 in the full model problem. Therefore, the equations for this element must be
adjusted as follows:
I;,:I=~[~ ~ ~1]{:::If •• 2LOO Ou••I., 0 -I I U" (2-66)
As before, the global stiffness matrix mqst be assembled, but needs only the terms
corresponding to the active DOF included. The global stiffness equations for this half
model analysis with symmetry boundary conditions are:
!-+:!i+~ 1 Ji J2
2 4 8 2 4 4
1 1 0 {""} rlAE 2 2 u., F.,L Ji 0 J2 I J2 u,. = F;.4 I +""4 +"J3=I 4 u~, F~1
_Ji _Ji Ji
4 4 4 (2~7)
which can be simplified to
5+212 1 Ji _Ji
8 2 4 4
I I 0 {""lrlAE 2 2 u" = f~,L Ji 0 4+fi + I _Ji u~. F,.4 4 ~ 4 u~, F;,
_Ji _Ji Ji
4 4 4 (2-68)
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The force vector for this half model symmetry analysis is
f.=l~:}= pi ~)
F" -1 (2-6\1)













Another useful technique in FEA uses the principle of anti-symmetry. In Section 2.2.2. it
was shown that a symmetrical FEA model with a symmetrical load set could be solved by
applying appropriate boundary conditions to a reduced FEA model. The same can be
done if the loading applied to the symmetrical model was anti-symmetrical about the line
of symmetry. An anti-symmetrical load set consists of forces (or pressures,
displacements, etc.) applied to mirrored locations on either side of the line of symmetry
that are equal and opposite in magnitude and direction. For ex.ample, an anti-symmetric
load set applied to the same truss arrangement as earlier could look like Figure 2-10.




Figure Z-tO: Truss Problem with Anti-Synllnetrk Load Set
Like the symmetrical analysis of Section 2.2.2, the solution for this scenario can be
obtained by applying appropriate boundary conditions to a half model analysis. Again,
this half model analysis will have a reduced number of active DOF, which reduces the
computational effort required in obtaining a solution. In general, anti-symmetry
boundary conditions consist of constraining nodal displacements in the line (or plane) of
symmetry, while pennitting displacement perpendicular to this line (or plane). If
rotational degrees of freedom were used. then the rotational DOF within the plane of
symmetry would be constrained. For this particular model. the anti-symmetry boundary
conditions are simply the condition, /4, = 0, applied to the nodes along the line of
symmetry (Figure 2-11).
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pFlgure 2·11: Truss Half Model with Anti-Symmetry BouDdary Conditions
The same discretization used for Ihe symmetry analysis in Section 2.2.2 (Figure 2-9) will
be used for this half model analysis. As before, the global stiffness matrix must be
assembled, but needs only the lenns corresponding to the active DOF included. The
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And the force vector for this FEA problem is:
(2·71)
To solve for nodal displacements, we must carry out the matrix multiplication of equation
2-60 resulting in:




The final PEA technique to be described, utilizes the principle of superposition. The
properties of superposition are that FEA results are both additive and linear. In other
words, the analysis results arising from separate load vectors applied to the same PEA
model may be added together, or superimposed. and the combined results would be the
same as if both load vectors had been superimposed and solved simultaneously. For
instance, the truss frame example in Section 2.2.1 was subjected a load vector ( E ) that








F" 0 0 2
F" 0 0
F" 0 0
F" -2 -I -1 (2·74)
where Es and f.., are symmetric and anti.symmetric, respectively, about the centerline of
the model. Using the principle of superposition, it is possible to solve these load vectors
separately; and considering the facl that FEA results are linear, it is possible to scale the
results of results of in Sections 2.2.2 and 2.2.3 to obtain equivalent results, as would be
produced from the vectors above. Therefore, it is now possible to obtain the identical
results of the full truss problem subjected to the unsymmetrical load vector, E.. without
assembling the full FEA model, but by superimposing the results of two half model
analyses instead.
The results of the symmetry analysis in Section 2.2.2 lli,) expanded to the same order of
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taking into consideration the effect of the symmetry conditions on the results of the
un-modeled portion of the truss. To obtain the results of the full truss problem subjected





















Similarly, the results of the anti-symmetry analysis in Section 2.2.3 (&) expanded to the
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taking into consideration the effect of the anti-symmetry conditions on the results of the
un-modeled portion of the truss. And, we may oblain the results of the full truss problem






















To obtain the samc results as thc full model analysis in Section 2.2.1, we simply must
superimpose the results of the above half model analyses to obtain;






PL -12.0 0 PL .-12.0fl.. =fl..5 +fl..A =
"h :OM 0 -0.366 <OM -0.366
""
-12.0 0 -12.0
",. -0.634 -0.366 -1.00
""
-16.9 -3.11 -20.0 (2-711)
Note that any discrepancy between the results above and those of Section 2.2.1 is due to
rounding errors in expressing the exact solution in decimal form using tloating-point-
arithmetic. This discrepancy was also expected considering the fact that the decimal
solution has been presented to only three significant figures. A check of this analysis
indicated that there is no discrepancy between the exact solutions.
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Chapter: 3 Design and Performance of Heavy Hauler Bodies
3.1 Construction and Fabrication
TIle standard dump body for most mining trucks is a welded. steel plate structure
consisting of nat floor, sidewall and canopy components with an intricate pallem of box-
style stiffeners on the outer sides of each. An array of floor stiffeners (called bolsters)
run from side to side, while two main rails (called stringers) run lengthwise. Where the
two intersect, the main rails arc cut to fit over the bolsters and the intersection seam is
continuously welded. The floor bolsters are not of a regular, constant cross~section.




Figure 3·1: Floor Stiffening Arrangement
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Size restrictions, imposed by transportation limitations, prevent the entire truck from
being assembled at the manufacturing facility. The only way to access or transport goods
to the mine sites north of Fort McMurray, Alberta is by a provincial highway.
Considering the fact that a fully assembled haul truck is too large to be driven on
conventional highways, it is impossible to deliver them in one piece. Instead, large
portions are assembled at the factory and transported to the site by tractor·trailer. Final
assembly occurs on-site where manufacturing and assembly tools are limited in
comparison to the manufacturing facility. In the case of the dump body, the body arrives
in several separate pieces and is arranged for welding upside down supported by jacks
and blocks, often outdoors on the ground.
Weld repairs, as well, are quite often carried out with the dump body laid upside down
outdoors. Cracks and cracked welds are ground away completely with hand-held
grinders, and the original volume of material is replaced with multiple weld passes until
the original weld fillet is built-up. In some circumstances, SCL replaces the original weld
specifications with heavier, more robust weld sizes. Although it is possible to stress
relieve such weld repairs with strap-on heat packs, no stress relieving of any sort is
carried out on these repairs. The result is that the replacement welds themselves are no
better suited to resist cracking, and the cracks quickly return.
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3.2 Operational Performance
It is a full time effon for SCL's truck maintenance group to keep these heavy hauler
mining trucks running continuously. Haul truck operators work on 12-hour shifts taking
only I-hour wonh of breaks daily. At cnd of each shift, another operator takes over
keeping the truck in constant service. These trucks, however, do come out of service on a
regular basis for scheduled maintenance. Things like engine oil changes, gearbox. oil
changes, electrical system inspection and maintenance, and recharging of the suspension
strut pressures are necessary to keep lhe truck operating properly. After a certain
number of operating hours, even the engine module gets rebuilt. Because of the lead-
time required to rebuild an engine module, a spare engine module is used to keep the fleet
operating constantly.
All regularly scheduled maintenance repairs occur at a specified number of operating
hours. Quite often, however, repairs are required for incidental occurrences. From time
to time, certain items like handrails, stairs and brackets need repair. Other limes, trucks
are damaged by accidents such as contact with other mining equipment; for example, the
shovel operator may contact the haul box while loading. While such repairs are a
common pan of heavy hauler operation, they are all caused by circumstances outside of
what would be referred to as 'regular service'. All heavy haulers at Syncrude mine sites,
however, develop some degree of cracking in the dump body during regular service,
which requires weld repair on a regular basis. Although these repairs are required
regularly, they should not be considered a pan of regular tTUck maintenance. At prescnt,
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these non-incidental repairs are a cOrllinuous cost of operation, and should be reduced if
not eliminated in the future.
This perpetual cracking occurs in the welds fonning the intersections between the
widthwise and lengthwise floor stiffeners (bolsters and stringers respectively). These
regions of interest will hereafter be referred to as bolster-stringer intersections. Cracking
seems to develop first on the inside of the stringers. near the hinge pivots. even after very
short periods of regular service (Figure 3-2). If left un-repaired. the cracks will propagate
until all of the bolster-stringer intersection welds have eventually cracked.
Figure 3-2: Location or Floor SlilTener Cracking
3.3 Weld Repair Costs
Heavy hauler floor stiffener cracking is such a problem in oil sand mining operations thaI
trucks are inspected with Non-Destructive Testing (NOT) to track the extent of crack
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growth whenever the truck undergoes routine maintenance such as oil changes. In the
case of the Komatsu 930E fleet in operation in the Mildred Lake mines, $248,753 was
spent on welding crack repairs alone in these eight trucks over a period of 2 years and 9
months, according to Ihe work orders entered imo the Syncrude process information
system (Appendix A). In lerms of shop time, 3473 man-hours in t01a1 were put in to
repairing the cracked welds in Ihe Syncrude maintenance shops. Not included in Ihese
costs are the charges of geuing work done at an outside contractor's site, where the bulk
of large repair overhauls and modification work is done.
To minimize the dowmime impact on production required to continually repair floor
stiffener cracking, a spare body is used. For a fleet of eight trucks, the ninth (spare) body
is continuously oUI-of-service getling weld repairs. Although fleet downtime is
significantly reduced with this spare body, it does represent anolher $306,000 in a capital
expense. In short, floor stiffener cracking is an ongoing and very expensive problem
associated with running a fleet of heavy haulers. The company is currently investigating
several options to reduce or minimize these costs, including purchasing new body
designs. This work is providing insight as to the cause of these problems, which will
assist in the decision making process.
Chapter: 4 Stress and Deformalion Modeling
4.1 Modeling Methodology
4.1.1 Requirements and Limitations
The primary factors that govern the complexity of a PEA model are the structural
geometry, loading conditions, and the information to be extracted from the model. The
intricate paUcm of reinforcement in this structure need only be included in sufficient
detail to model the results of interest. Incorporating a level of detail beyond this would
waste both model creation lime and valuable computational resources. The information
of primary imeresl from this PEA model is the state of stress at the many bolstcNtringer
intersections, where cracking is a continual problem. To investigate the stress at these
locations, the overall deformation of the haul body floor must be accurately modeled in
the analysis. To capture this deformation, the flat plme stiffening arrangemem has been
modeled in detail.
During regular mining operations, the entire truck structure experiences a combination of
static, dynamic and impact loading. While dynamic and impact loading would produce
stresses within the structure greater than that of static loading, a Slatic analysis has been
used for the purpose of this investigation. The reason for this is that although a dynamic
analysis would better reneet the nature of the loading, it would also require an analytical
effon well beyond what was achievable in the desired timeline. In addition, a
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prerequisite for any dynamic analysis is to understand the static response in detail. This
work identifies, for the first time, the damage mechanism and source responsible for floor
stiffener cracking.
Since FEA is a numerical analysis technique, the limitations of the computer software
and hardware must also be considered. A significant effort has been put into making this
FEA model as efficient as possible. This includes efficiency in data storage,
computational effort, and overall serviceability and adaptability of the model. Perhaps
the most valuable feature of the ANSYS 5.5.3 finite element software package used in
this analysis is the ability to use input files. Input files are standard text files containing a
sequence of commands to be executed by the software. Instead of saving the FEA model
database files directly, a much smaller te,.;t file containing the commands used to
assemble the model can be stored instead. At present, the ANSYS software does not
have a simple 'undo' command for correcting simple mistakes made during model
creation. Using input files, small mistakes may be corrected easily by editing the te,.;t
file. In addition, using the ANSYS parametric design language (APDL) it is possible to
include logic statements, program loops, as well as statements calling other input files to
be read.
All of the geometry creation, material propeny selection, mesh sizing, and even analysis
commands used in this analysis have been assembled into a hierarchy of thirty-six such
text based input files. The first input file (called I_MAIN_INPUT) is at the top of the
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hierarchy, and breaks the work into discrete sections such as geometry creation and
meshing. Each section then contains call statements for input files that contain the
appropriate commands for that portion. The 2_series of files setup the analysis options
and build the model geometry. The 3_series of files assign the appropriate material
thickness settings to the geometry areas. The 4_series of files apply the element mesh
and boundary conditions for the analysis. While the 5_scries of files contain commands
for viewing and analyzing the results of the haul body analysis. The 6_series of files
contain commands for a shell~to-solid sub-model analysis, which will be discussed later.
The 7_series of files were used to model the frame of the haul truck supported on uneven
strut forces, and as will be discussed later the 8_series of files combine both the frame
and body FEA models. A printed copy of these thirty-six text based files is contained in
Appendix B.
As mentioned previously, the software used for this analysis was ANSYS version 5.5.3.
This software is licensed for use at SCL's Edmonton Research Center. Unlike university
versions that are restricted to 32,000 nodes, this software does not restrict the size of the
FEA models that can be analyzed. Instead, computer hardware offers the only modeling
limitations. The platfonn on which the software runs is a DEC Personal Workstation
600au (EV 516chip 600 MHz) with a Digital Unix alpha 4.0D operating system. With
1.256Gb of physical memory, 1.270Gb of swap disk space, and 28Gb of storage capacity
in a Raid disk, this platfonn was more than sufficient to solve the largest FEA models
used in this analysis.
4.1.2 Element Selection
Two groups of elements are applicable for this type of analysis: shell and solid elements.
Shell elements efficiently model the behavior of thin plates provided that the assumptions
made in the element formulation are acceptable, and offer a significant reduction in
computational effort when compared to a similar analysis using solid elements. The
SHELL93 element has a quadratic displacement shape function that produces a linear
strain distribution within the element. Bending stresses vary linearly though the
thickness, while the transverse shear stresses are assumed constant though the element.
This element is well suited to efficiently model the global behavior of the steel plate
structure.
Shell elements are limited. however, in that they represent stresses through the material
thickness as a linear variation from one sutface to another. If greater detail is required,
then shell elements will not suffice. In a three-dimensional model, such information can
only be obtained through a discretization of volume elements. When compared to an
equivalent shell element model, the number of elements and OOF associated with a
volume element analysis is enormous. Conducting a volume element analysis of the
entire body structure is beyond the solution capabilities of the computer hardware used in
this project; hence, it simply was not feasible.
If required later, a Shell-to-Solid sub-model analysis using SOLII)95 elements could be
used. In a sub-model analysis, results of a larger and coarser global model are used to
fonn the boundary conditions for a smaller and more refined sub-model. This tcchnique
makes it possible to analyze specific regions in detail without having to refine and re-
solve the entire PEA model. By using solid elements in the sub-model, it is possible to
see the results of interest in greater delail than is possible with a shell element analysis
alone. The shell element or global model would adequately describe the structural
response of the entire body to various loading scenarios, while lhe solid element sub-
model would 'feed' off of these results to reveal the stale of stress in localized regions in
much greater detail. Presently, however, such detail has not been required and this
analysis option has not been used.
4.1.3 Meshing
Meshing is the tenn used to describe the discretization of the model geometry into
discrete or 'finite' elements. Two meshing options are available in the ANSYS software
package: free and mapped meshing. Mapped meshing allows the user to directly control
the element size and pattern during the discretization process. Through such control,
clean, unifonn and efficient meshes are possible resulting in lower solution times. Free
meshing uses computer algorithms to automatically discretize the model geometry.
These algorithms respond to the geometry, refining the mesh near regions of detail such
as small curves and angles. The primary advantage of free meshing is the speed of mesh
generation. By adjusting the algorithm parameters, meshes of varying density can be
generated quickly, which is particularly useful in establishing convergence.
The meshing technique used in this model, however, was a combination of both. In the
ANSYS software package, it is possible to exercise direct control of the mesh sizing al
some locations of the model, while allowing the free meshing routines to generate the
mesh and discretize the remaining geometry automatically. In this way, the advantages
of both meshing options are exploited.
4.2 Boundary Conditions
The accuracy of PEA results are highly dependant on the accuracy of the boundary
conditions (BCs) applied to the model. It is therefore, a major concern of this study to
adequately represent lhe support and load conditions on a working haul truck box. Often,
the results of interest are sensitive to some BCs and not sensitive to others. It is
important to understand this sensitivity in order to effectively evaluate the effect
assumptions have on the results of interest. For BCs that are not sensitive, general
engineering judgment may be sufficient, whereas BCs that are sensitive to the results of
interest may require a much more judicial effort.
4.2.1 Symmetry
If a model is symmetrical about one or more planes. in tenns of both loading and
geometry, then symmetry BCs can be used to dramatically reduce the computational
effort required in obtaining a solution. A 930E haul body is geometrically symmetrical
about a single plane down the middle of the structure. For analyses in which both the
applied loading and support conditions are symmetrical about this plane as well, only half
of the structure needs to be modeled (see Figure 4-1). Along the plane of symmetry, BCs
are applied to represent the effects of the other half of the model. More specifically, the
nodal displacements are not permitted to cross the place of symmetry, and nodal rotations
out of the plane of symmetry are held at zero.
Figure 4·1: 9JOE Body Full Model Geometry and Symmetry Modet with RCs
In situations where the applied loading or the support BCs are not symmetrical about this
plane, the symmetry condition cannot be used. If the applied load or displacement is
equal and opposite on the other symmetrical half of the model, on the other hand, anti-
symmetry conditions may be used along the cut plane. Symmetrical and anti~
symmetrical loads may be analyzed separately and superimposed to study the combined
effect of each. This technique was used extensively in the trial analyses that identified
the need to study support displacement in detail, which will be discussed in Chapter 5.
For asymmetrical loading situations. or verification of superimposed half-model results, a
full finite element model has to be assembled. The input routines used for this FEA
model have been created in such a way that this poses no significant challenge.
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However, solution times of a full model FEA are as much as four times that of a half
model analysis. Whenever possible, half model analyses were conducted to save time.
4.2.2 Initial Supporting Conditions
In order to obtain a solution, initial supporting conditions were applied to the model
geometry. These conditions are meant to simulate the supporting effect the frame has on
the haul body when the tlUck is stationary sitting on level ground. an ideal situation. It
later became evident that frame displacement is a source of structural loading. and an
entirely different means of supporting the body structure in a FEA will be discussed in
detail later. The following initial supporting conditions were used to stan the analysis
process.
Haul truck dump bodies have three suppon locations: a hinged pin connection at the rear
of the truck frame, a rubber pad distributed support condition along the main beams of
the frame, and hinged pivot connections to the hoist cylinders. For this analysis. the
lowered box position only will be considered. so the effect of the hoist cylinder supports
in this position has been ignored. The distributed support condition of the rubber pads
along the front stringers of the frame has been represented by constraining the
displacement in the vertical direction U)'=() on the areas representing the stringer bottom
plate (see Figure 4-2). Such solid·model Bes are transferred to the nodes of the finite
element mesh when a solution is initiated.
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Flgun 4-2: Siringtr Distributed Support Boundary Condition
Representing hinge pivot conditions effectively is often a considerable challenge. For the
present load case, the structure is not expected to rotate significantly about the center aJlis
of the hinge pin. Rather, the bearing forces of the weight resting on the pin were deemed
significant. The weight resting on the pin was represented by constraining U,=f) on the
lines that make up the top of the hinge pivot holes. To resist any forward motion, due to
the 9- slope of the noor, the constraint Ul=O was applied to the lines that make up the
rear of the same pivot holes (see Figure 4-3).
Figure 4-3: llinged Pin Boundary Conditions
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4.2.3 Ore Load Application
The most significant force that is applied to a truck body is pressure on the inside faces
due to the weight of a full load of oil sand. This pressure distribution is a function of the
oil sand soil met:hanics and the pile shape. The version of FEA software used is limited
in that pressure gradients may be specified on only one coordinate direction at a time. To
apply the distributed load of a rounded pile of oil sand, some amount of discretization and
approximation was necessary. One option was to break the inside face areas into a
number of sections, applying appropriate face pressures as required. While this manual
discretization would be effective, a more adaptive, adjustable concept proved to be much
more useful.
An ANSYS algorithm that applies face pressures to elements based on their location
within the structure was developed. The result is a much finer pressure discretization
than would be attempted manually, and one that is directly proportional to the mesh
density of the inside face areas. With this algorithm, rounded pressure distributions were
now possible, circumventing the ANSYS single gradient limitation. Most importantly,
the algorithm allows for adjustments in the pressure distribution with minimal effort. In
this way, the effect of off-center loads and oversized loads can be investigated for a
variety of soil types and conditions.
4.2.3.1 Approximate Profile Shape
The only established standards for haul box design are the Society of Automotive
Engineers (SAE) Standard Jl363~ and the International Standards Organization (ISO)
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Standard 64836 , which is the same as the SAE standard adopted without modification.
The interesting thing about these standards is that both are capacity ratings only. They
make no reference to the types of material being hauled, no reference to the forces
expected in service, and specify nothing with respect to structural strength. Instead, they
specify a detailed way to measure the volumetric rating, or the volume of material that
the body can carry, for any given body geometry. While the volumetric rating is useful in
comparing the capacity ratings of different bodies, it has little relevant use in haul body
design. The ore load shape specified suggests a 2: I slope above the haul body sidewalls
and a I: I slope near the rear (Figure 4-4). Such a shape is impossible because no known
material would fonn two separate slopes when poured naturally.
f'IgUI'1! 4-4: SAE Jl363 Capacity Rating
In addition, using this shape as a load profile has been shown to be a poor estimator of
the true center-of-gravity location. Philipi-Hagenbuch, a producer of patented
lightweight haul body designs, suggests that the center-of-gravity location predicted by
the established standards is not accurate when compared to on-site investigations7• The
result of this is that the true center-of-gravity location is offset from the location for
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which the truck has been designed, and the weight distribution onto the frame is affected
accordingly. To develop lightweight bodies that also correct the center-of·gravity
location onto the truck frame, Philipi-Hagenbuch uses a patented profiled shape that more
accurately represents the load shapes seen on individual customer sites.
For similar reasons, it was decided that a more realistic shape than the established
standards should be used in this analysis. From a recent payload studl, side profile and
rear profile piclures were collected for a number of oil sand payloads along with their
corresponding weigh scale weights. Some minor editing of the pictures was done to
accentuate the features of interest, namely the floor and front wall lines, and the oil sand
pile profile lines. The trend line fitting feature of Microsoft Excel was used to determine
relative functions describing the geometry (Figures 4-5 and 4·6).
figure 4-5: SMle Profile Shape from Payload Study PIcture
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,...,
Figure 4-6: Rear Profile Shape from Payload Study Picture
Using symbolic math software, the picture rolation effect was subtracted from the shape
functions, and known box dimensions were used 10 return to a true scale. Once scaled, it
was then possible to creme a three-dimensional function 10 approximate the payload
observed. The average of nine different approximate payload functions was used to
develop a simplified shape function (Figure 4-7) shown here along with the floor and
front wall planes.
Figure 4·7: Approximate Profile Shape Function
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Mathematically. the above function can be described in mm units as follows:
PROFILE ~ MCUlieighl.[t-( X ~:;:akr}[I-(Z ~~;ak r]
(4-1)
where XPeak is the location of the pile peak offset from the centerline of the truck. ZPeak
is the location of the pile peak measured from the floor - front wall edge. and McuHeighi
is the height of the pile peak from that same floor - front wall edge. McuHeighl in mm
can be expressed as a function of oil sand mass and density in the range of interest (250-
400 short tons):
Mculleight "" [22.2. Mas: J+1020
DenSIty (4-1)
where Mass is expressed in metric tonnes (te) and Density is expressed in metric tonnes
In a word of caution. it should be noted that this is not meant to be a statistical
representation of the ore shapes expected in an oil sand mine. It does not include such
factors as seasonal soil properties. large lumps. rocks. etc. This representation is not
intended to be used for any other purposes such as the studies used to optimize shovel-
loading practices. It does. however. provide an easily adjustable load shape that is more
representative of reality than the established $AE standards.
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4.2.3.2 Soil Mechanics
The next step in the ore load application scheme was to determine the pressures on the
inside faces as a function of this approximate load shape. Using the same soil mechanics
principles used in foundation design, the pressures on the walls of this dump box can be
broken down into vertical and lateral components. The vertical pressure".. is simply:
O"v=pgh or ov=yh (4·3)
whercp is the density of oil sand (k1/m\ g is the acceleration due to grnvity (9.81 m/$«2),
and h is the height of the column of soil directly above the area in question (Figure 4-8).
The horizontal or lateral load exerted on a frictionless, vertical wall varies linearly with a
maximum pressure at the base (see Figure 4-8). According to Das in Principles of
Foundation Engineering, the Rankine lateral earth pressure at the base is (Jh = K,p.
where Ka is the Rankine active pressure coefficient9:
~=(1-sin<p)l(l+sin<p) (4-4)
and (J. is the vertical pressure evaluated at the base of the wall. The angle IjJ refers to the
angle of repose, or the soil friction angle. The commonly accepted value for oil sand





Figure 4.8: Soli Pressure Components
The presence of a sloped pile near the wall has the effect of applying a surcharge 10 the
lateral earth pressure. According to Bowles in Foundation Analysis and Design, this
effect is incorporated as an increase in the Rankine active pressure coefficient as
follows 10:
K« =COSpCOSP-~
cosP+~cosz p-cos l 4J (4-5)
where p is the average slope angle for the active wedge as defined in Figure 4-8.
Theoretically, it is impossible for the angle p to be greater than the angle of friction 'P.
Since fJ is usually a few degrees less than !p, the value fJ ;::; 3Cf was chosen as a good
estimate resulting in K,,;::; 0.5.
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4.2.3.3 load Application Algorithm
The final step in this load application scheme was to write an algorithm that would
autonomously apply an appropriate pressure 10 the face of each element based on ils
location within the structure. An overview of the algorithm is as follows.
First, a number of parameters are sel to allow for adjustmenl including total payload,
density, Ka, as well as the location of Ihe pile peak (for off center loads). The areas Ihat
fonn the inside face of the floor, side and front walls are selected and defined as
components for ease of selection later. A specific component (e.g. the fronl wall) is
selected for load application and all the elements making up that component are selected
as well. The algorithm then enlers a loop indexing through all of the selected elements,
executing the commands below.
The algorithm addresses each element by indexing through the elements numbers of the
currently selected element set. Entering Ihe loop, the element index is sel at the
minimum selected element number. After processing that element, AN$Y$ APDL
commands are issued which set the element index to the next selected element number,
and the process commands are repeated. Once all the selected elements have been
processed, Ihe APDL commands will deliver a value of zero for the next available
element number, which causes the loop to be exited.
The first step in processing each element is to detennine the appropriate lateral and
vertical pressure components for that element. APDL commands are issued which
collect the three-dimensional coordinate location of the element centroid. The height of
the column of soil directly above the clement centroid is detennincd by evaluating the
height of the load shape function by substituting in the element X and Z coordinates into
the function slated earlier, and subtracting the Y co-ordinate of the element centroid. The
vertical pressure on the element is then calculated by substituting this column height into
the equation (1.=pgh.
Calculating the lateral pressure on the element is a little more involved. As described
earlier, the lateral pressure varies linearly from a maximum pressure at the base. For
each element location, this base pressure must first be detennined. The base pressure is
defined as t7h = Ka pgH where H is the vertical height up the sloped wall where the oil
sand surface and the wall inlersecl (see Figure 4-8). The appropriate lateral pressure for
the element location is then detennined using the ratio of clement centroid Yeo-ordinate
to the active height H.
Lastly, the calculated pressures are applied directly to the element face as a constant
pressure. This is done by superimposing the nonnal-to-face components. The nonnal-
to-face component of the vertical pressure is (1. cos 8 where 8 is the angle between the
wall and the horizontal plane (see Figure 4-9), and (1h sin 8 is the n01TTlal-to-face
component of the lateral pressure. The pressure components along the element face are
neglected since the wall is assumed frictionless. This assumption is valid in the presence
of vibration since any friction effects on the walls will dissipate as the oil sand settles.
FI&u~ 4-9: Su~r"p06ilion or Normal-To-Face Components
The above process is repeated for all selected elements until appropriate pressures have
been applied to all of the elements within the componenl. Then. the ne~t component is
selected (e.g. the floor) and the process is continued with a similar methodology. The
result is a well discrelized pressure profile on the inside element faces (Figure 4-10).
F'"lgure4-IO: YEA ModetArter Pressu~ Application
4.3 Mesh Convergence
4.3.1 Preliminary Mesh
There is a need (0 demonstrate convergence of the results from a finite element mesh.
The mesh must be such that further refinements are nOl justified since no significant
improvement in the results can be expected. To demonstrate this, a suitable quantifier is
needed. The initial concept was to refine the mesh until convergence of the stress pattern
in an area of interest was achieved. A coarse mesh of the entire geometry was produced
(Figure 4-11) with the applied loading and initial support conditions described above, and
a solution was initiated.
Figure .....11: Coarse Mesh or9JOE BoJ: Slrudure
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Bending stresses are setup in the floor due to the weight resting outside of the central
supports resulting in a near uniaxial state of stress in the lower plate of the c1osed·fonn
bolster stiffeners. Given the simplicity of the stress in this region and its proximity to the
troublesome bolster-stinger intersections, this location was isolated as a suitable region to
demonstrate convergence of the finite element mesh. The state of stress in one such
bolster stiffener may be examined by mapping the mid-plane stress results to a path
function or a line drawn down the centerline of the lower bolster plate (see Figure 4-12).
Mapping the mid·plane stress results omits the effects of localized bending near the
bolster-stringer intersections, which will be discussed in detail later. At this time. the
overall bending. or global defonnation, of the floor stiffener is the result of interest.
Figure 4-12: Path Function on Bolster, and Plot of Stress Resutts
62
1- 01~o
FiguT't 4-13: Bolster Path l'oUd·PIane Stress RtSul15
Figure 4-13 is a plot of the mid-plane SlI'eSS resuhs with respect to the path length for the
test case examined. As expected, the central ponion of the stress pattern resembles thai
of a bending moment diagram for a beam subjected LO a distributed load. Compressive
stress in the lower plale increases in magnitude towards the direction of the stringer, or
main rail. As the bolster passes through the stringer, some discontinuity is expected. The
tcnsion seen in the lower plate near the outside of the bolster path can be explained due to
the deformed shape of the stiffener. The outer pollioo of the floor is 3uached to the
sidewall of the body. As the floor plate deforms downward, one would expect the wall to
rotate outward. However, the sidewall resists deflection since it is 3u3ched to the front
wall, and as a result, lhere is a change in the curvature of the floor. This effect is less
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pronounced in bolster stiffeners further away from the front wall where the sidewall
stiffness is considerably less.
With respect to mesh quality, the stress pattern along the span of the bolster is smooth
and seems to change little with mesh refinement Near the stringer intersection, on the
other hand, the results are very erratic, discontinuous, and change significantly with mesh
refinement. For these reasons, it is obvious that further mesh refinement in this area is
required, In addition to this, this location is precisely the location of the persistent floor
stiffener cracking problems. Therefore, demonstrating a reliable convergence in the
results of this region is of particular importance. Unifonnly refining the mesh over the
entire structure produced cumbersome models, excessive solution times, and minimal
improvements in the results of this region. In order to produce a suitably converged
mesh, within the limitations of the computer hardware, an efficient refinement
methodology was required.
4.3.2 Estimating Solution Error
The error approximation technique included in the ANSYS software is an elegant means
of proving reliable convergence. It estimates the amount of solution crror due
specifically to mesh discretization. The structural energy error (SERR) is a measure of
the discontinuity in the stress field from element to element, while the percentage error
(SEPC) indicates the relative amount of error due to a particular discretization.
The continuity assumption used in many displacement-based finite elemem formulations
results in a continuous displacement field from c1emem to element, but a discominuous
stress field. To obtain more acceptable stresses, averaging of the element nodal stresses
is done within the ANSYS software. Elemel11l1odal data consist of the element derived
data, such as stresses and strains, calculated at the interior integration points and then
extrapolated to the nodes II. The POST I postprocessor averages component tensor or
vector data at nodes used by more than one element to arrive at a smoothened nodal
Solulion.
The error approximation technique incorporated into the ANSYS software package is
similar to that given by Zienkiewicz and ZhU I2. Using these averaged nodal stresses, the
processor returns to the element level and evaluates the discrepancy between the
averaged results and the results of each element. The stresses at each node of each




= stress error vector at node n of element i
I{u:}
=~ averaged stress vector at node n
= number of elements connecting to node n
= stress vector of node n of element j
(4-6)
Then for each element, the energy associated with this stress error (structural energy
error, or SERR) is evaluated similar to the concept of strain energy:
where: ej = energy error for element i
vol = volume of the element
[DJ =constitutivematrix
(4·7)
[60] = stress error vector at points as needed (evaluated from all [.6o.J oflhiselemellt).
The total energy associated with discontinuity in the streSS field, or energy error, is:
(4-8)
where: e = energy error over the entire (or part of the) model.
Nt = number of elements in the model or part of model.
Energy error can be nonnalized against the total strain energy to give some measure of
the effect on the results of interest. This ean be defined over the entire solution domain.





= percentage error in energy norm (or SEPC)
_J,.,:E:;
strain energy over the entire (or part of the) model
(4·9)
E: = strain energy of element j
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Although it is a good indicator of mesh quality, thc percentage error in energy norm (or
SEPC) gives little direct information about the stresses. An estimation of the upper and
lower stress bounds considering the effect of discretization error is available. Again,
these results are more meaningful when evaluated over a localized element subdomain
rather than the entire solution domain.
(1~==min(O';... -6.O'")
O'~ == max(O'i... +6.U.)
where min and max are defined over the selected nodes, and:
0'''(''' = output quantity for nodal minimum of stress (SMNB)
u~ = output quantity for nodal maximum of stress (SMXB)
=subscript for particular stress component or combined stress component
o"j... = averaged stress quantity j at node n
6.o-n =root mean square of all 6.oj from elements connecting to node n




The above ANSYS error estimation technique gives the user the tools necessary to
evaluate the effectiveness of a FEA discretization, to decide where the mesh should be
refined, and the effect discretization error has on the results of interest. When applied to
the initial mesh of the 930E body bolster stiffener region, the drastic need for mesh
refinement can clearly be seen. A plot of the structural energy error (SERR) reported for
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each element clearly shows which regions of the structure are highly stressed and have a
large stress discontinuity, and thus require significant mesh refinement (see Figure 4~14).
Figure 4·14: Coarse Mesh SERR in Bolster Stringer Region
with each refinement iteration, the SERR values reponed for each element steered the
refinement effons into the region where the bolster stiffener and the stringer main rail
intersect. After considerable refinement in this region, the mesh shown in Figure 4-15
was produced. Note the extensive refinement in the lower edge of the oUler bolster~
slringer intersection.
Figure 4·15: Refined Mesh in Bolster Stringer Region
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Although mesh refinement reduced the structural energy error in the bolster-slringer
region considerably, it was noticed lhal some error always remained in the sh3Ip comer
regardless of the level of refinement (Figure 4-16).
f1gure 4-16: SERR in Sharp Corner
The explanalion for lhis has to do wilh the way that ANSYS estimates solution error. As
Slaled previously, the posl-processor averages the element nodal stresses, and the
discrepancy belween lhe individual elemenl results and !he averaged results is used to
evaluale discretization error. In a comer section, shell elements in two or more
intersecting planes share common nodes. During the elemenl nodal solution averaging
process, component stresses in lhree separate planes are averaged. The problem arises
from relative magnitudes. When subjected to displacemenls along a particular plane, lhe
elements in that plane will develop large stresses in comparison to the elements
experiencing out-of-plane displacement. The result is a discontinuity in the element
nodal solulion. Since this averaged solution is used to estimate discretization error, some
error will always be predicted in shell element comer transitions.
69
The need to demonstrate a suitable convergence of the results in this region remains. As
before, the mid-plane stress results of this refined mesh were mapped to a path function
in the location shown in Figure 4-12. By comparing the results alongside those of an
unrefined mesh, considerable refinement especially in the region of interest can be clearly
seen (Figure 4-17). The two spikes in the solution data conespond to the location of the
bolster-stringer intersections.
Figure 4-.l7: Bolster Path MKI·pla.ne Stnss Results
To understand the structural behavior in this region, in light of this numerical
discontinuity, let us zoom in on this region of interest to have a closer look (path length:
625mm-975mm). The Elemem Nodal Solutioll line represents data mapped from the
averaged element nodal results, while the Elemem Solution line represents data mapped
from the element solution directly with no averaging of results (Figure 4·18). In order to
explain the spike in the element solution results, an explanation of how ANSYS maps
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results to path function is necessary. For each path point, elements are searched to find
elements containing that geometric location lJ and the results from the first element found
are mapped to the path. Therefore, within an element thickness of the intersection,
element solution dala may be obtained from stinger elements rather than the bolster
elements. A sharp transition from a compressed state to a near zero stress state can be
seen at both intersection locations, because un-averaged stress results are mapped from
the out-of-plane stringer elements instead. The averaged results at these intersections
appear as less sharp spikes in the otherwise continuous plot.
Hgure 4-t8: Palh Mid-plane Siress Results (Bolster. Stringer Intersection)
To confirm this explanation, a similar path results plot was produced with only the
bolster stiffener elements selected (Figure 4-19). The result: the imersection effect in the
averaging of element nodal data has been eliminated because the out-of-plane stringer
elements are no longer selected. Since the structural energy elTOr in this region is less
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than other. less important regions and the numerical discontinuity effects have been
accounted for, the mesh was considered sufficiently converged.
1I
Figu~ 4-19: Path Results with Only Bobier Elements Se1eded
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Chapter: 5 Analysis, Results and Implications
5.1 Bolster-Stringer Stress
Away from the bolster-stringer intersection, the compressive stresses in the bolster are
relatively uniform across the bolster width. At the bolster-stringer intersection, however,
the compressive stresses are greatest in the two comers near the bolster sidewalls
(Figure 5-1). In order to interpret useful information from this region, a better
understanding of the state of stress needed 10 be developed. Searching for an explanation
of this stress, trials were conducted on a simplified geometry with similar support
conditions. This smaller, more efficient model enabled faster manipulation of geometry,



























5.1.1 Rounded Corner Trial Analysis
The first trial was a shell element representation very similar to the bolster stiffener of the
full FEA model. Some subtle differences include the fact that the tapered bolster is
replaced with a stiffener of uniform cross section, and the stringer wall is modeled as a
single plate in this investigation. When subjected to load conditions similar to the full
FEA model, (pressure on the top surface and Uy=O on the base of the stringer plate) this
trial structure develops a similar state of stress at the bolster-stringer intersection
(Figure 5-2).
Figure S-2: Square Se<:tlon (Bolster-Stringer Stress Trial)
In reality, however, this sharp comer does not exist. On the dump body studied here,
bolsters are formed from a single piece of steel with a 38mm rounded comer in this
region. The box-like representation above was a geometric modeling simplification. As
it will be demonstrated shortly, this representation of the comer does adversely affect the
results, and as a result, this oversimplification had to be revisited. The second trial
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solution involved a more accurate representation of this rounded comer region
(F;gure 5-3).
Figure 5·3: Rounded Co~,. Section (Bolster-5lringer Stress Trial)
Interestingly, the results of this analysis indicate a significant difference between the
in·plane stress results reported from the top and bottom of the shell elements along the
rounded comer edge. As stated previously, the fonnulation of the SHELL93 elements
used here includes an assumption that the stress varies linearly through the shell element
thickness. This linear variation is reported in the element output as top and bottom
results, which correspond here to the inside and outside surfaces of the bolster stiffener
respectively. The top solution indicates 4 MFa of tension in the comer (Figure 5·3, Left),
while the bottom solution indicates 82 MFa of compression (Figure 5·3, Right). This















5.1.2 Solid Element Trial Analysis
In the analyses thus far, the geometry has been modeled using shell type elements that
cannot geometrically represent the fillet weld in this region. To validate whether shell
elements effectively model the stress in this region, another trial was conducted using
solid-volume brick elements (SOLID95) and the same loading conditions as the two
previous trials (Figure 54). This time, however, the 12 mm full penelJ'ation fillet weld
that ex.ists in this region was included.
Figure 54: Solid Sedion (Botster·Stringer Stress Trial)
To explain the stresses near this welded joint, il is helpful to consider the rounded comer
section separately. Vertical stresses exist in Ihis region that are set up to equilibrate the
vertical load applied to the truck box floor. These vertical forces cause an upward
deflection in the plate, which results in a highly localized bending stress (Figure 5·5).
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Figure S-S: Localized Bending (Bolster-5tringer Stress Trial)
Figure 5-6 is a plot of the stress results in the direction of lhe bolster centerline (a,,).
Bending stresses appear as a variation of ax though the thickness of the material. When
superimposed over the -=45MPa of compressive membrane stress set up due to the global
bending of the bolster stiffener, this secondary bending stress reduces the magnitude of ax
on the inside surface of the bolster plate to =7MPa, and increases the magnitude of a" on





















Figure 5-6: Stress Variation through Material Thickness
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The purpose of these trial analyses was to shed some light on the state of stress in the
bolster-stringer intersection region, and (0 evaluate whether a shell element finite element
model is suitable to study the same. The rounded comer trial indicated the need to
correct the oversimplification in the bolster-stringer intersection comer in order to obtain
meaningful FEA results. The solid element trial solution linked the high stresses in the
comer to the presence of localized bending in the region. And, a comparison of the
results of the shell element and solid element trial solutions indicate a difference in the
outer compression magnitudes of only 5%. With this it was concluded, that the shell
element model does reasonably predict the presence and magnitude of both the global
and localized stresses in the comer region. By retrofitting the haul body FEA model with
proper rounded bolsters, meaningful results at the many troublesome bolster-stringer
intersections can be obtained.
5.2 Frame Twist as a Source of Structural Loading
With the shell element model corrected, it was possible to model the stresses present
within the structure set up to equilibrate the applied loading and the resulting
deformations. Figure 5-7 is a rear-view, schematic diagram of a typical section of a
dump body floor. Under the weight of the ore load, the stiffened floor arrangement
deflects slightly as illustrated by the exaggerated deformation shown in red. Resulting
from this 'global deformation', a slight tensile stress exists in the floor plate, stresses vary
linearly down the stiffener sidewalls, and a uniform, compressive membrane stress is
sctup through the thickness of the stiffener lower plate.
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In addition to this, there is some 'local defonnation' in the immediate vicinity of the
bolster·stringer intersection. The curvature of the plate results in a bending stress
component superimposed onto the compressive membrane stress in the area (Figure 5·7).
For both the are load and the self-weight of the strueture, the membrane and local
bending stresses in this region combine to fonn compression throughout the plate
thickness. Compression, however, does not explain the source of the extensive cracking




Flgure 5-7: Localized Bendiog at Bolslu-Strlngu Intersection
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Crack growth is usually caused by some form of alternating tension. In order to explain
the extensive crack growth observed in the noor stiffener intersections, a state of stress
producing tension at the outer edge of the material thickness must be demonstrated. At
this stage, the hypothesis was that localized bending could be present in the region that is
in reverse to the bending demonstrated thus far. If present in sufficient magnitudes, this
localized bending could overcome the compressive membrane stress in the area resulting
in a variation through the thickness with tension present at the outside edge (Figure 5-8).
Figure 5-8: Renr'SOO localized Bending
5.2.1 Frame Displacement Trial Analyses
The frame or chassis of any heavy hauler mining truck is essentially the backbone of the
entire truck structure. When a fully loaded haul truck with a gross vehicle weight of over
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one million pounds drives over uneven ground, the frame is subjected to some very
intense forces. As the wheels drive over bumps and sink into holes, a certain amount of
deflection within the frame can be expected. Deflection within the frame directly
translates into displacement of the dump body supports, which is a form of structural
loading.
At this stage, the magnitude and mode shape of the frame deflections that could be
expected during regular service were not known. Instead, trial mode shapes were applied
to sec what effect they would have on structural loading. Two modes of frame
displacement were investigated using a half model with anti-symmetry conditions along
the center plane. With this seenario, any force, pressure or displacement applied to the
half model has the effect of being accompanied by an equal and opposite load applied to
the other half. In other words, the frame displacements studied are assumed anti-
symmetrical about the truck centerline.
Mode #1 (Figure 5-9) is a representation of frame twist, defined as a displacement
arrangement in which the vertical deflection varies linearly from a 2mm difference at the
stringer nose to an equal and opposite 2mm difference at the hinge pin. Mode #2
(Figure 5-10) is a unifonn frame displacement of2mm from the stringer nose to the hinge
pin. These two trial displacement modes may be scaled and or superimposed to represent
other feasible displacement patterns, and superimposed with the ore load and self-weight
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to investigate the combined effect on the structural defonnation. Studying their effects
separately, however, offers more insight into the damage mechanisms seen in service.
Figure 5·9: Trial Frame Displacement Mode· Twist
Figure 5·10: Trial Frame Displacement Mode - Uniform
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The uniform displacement mode resulted in negligible stresses. The reason for this is that
a shear displacement pattern in the frame will not be transmitted to the body through the
rubber support pads. As each side denects upward or downward, the stringers are free to
rotate which causes a slight roll producing no significant stresses within the structure.
Initially, the frame twist results produced a similar state of stress to that of the ore load,
but larger in magnitude. That is, global bending of the noor plate resulting in a
compressive membrane stress in the lower plate of the bolster, and localized bending at
the stringer intersection resulting in a variation of the in-plane stresses through the
material thickness. The combined the state of stress at the intersection weld is, again,
predominately in compression.
According to the anti-symmetry assumption, however, the frame twist applied to the
other side is in the opposite direction. To investigate the response of the other side, the
frome twist displacement mode can be inverted by multiplication with a scale factor of -I.
This inverted frame twist produced equal-and-opposite results, this time, with the state of
stress predominately in tension. The implication is that frame twist does produce
reversed localized bending in the bolster-stringer intersections that may explain the
cracking in this region.
In reality, this frame twist structural loading would coexist with the ore load. When
superimposed, this 2mm trial mode of frame displacement was more than sufficient to
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overcome the compression results of the ore-load, producing tension at the outside edge
of the material thickness at the fillet weld toe (Figure 5-11). It is important to note,
however, that these findings were the result of an assumed shape and magnitude of frame
displacement. The frame deflections present in reality may produce different results.
Nonetheless, this analysis does demonstrate the fact that frame twist can explain the
cracking problems present, and a more detailed analysis to detennine the true extent of
frame deflections was warranted.
=
Figure 5-11: Superimposed Ore Load and Trial Frame Twist Results
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5.2.2 Frame Displacement Verification
Initially, the extent of frame deflcction was 10 be determined through a dircct
measurement. The data collected would have served as an excellent input, validating the
support boundary conditions of the analyses. Although multiple means of measuring
frame deflections were proposed, no feasible alternatives were found. The most
promising concept involved a beam welded to both sides of the frame main rails and
instrumented with strain gauges to monitor deflection within the beam. The concept was
ruled out, however, due to the inability to differentiate between relative vertical
deflcction and rotation of the ends of the beam. The need to gather physical inputs to
validate the results remained, despite the fact that there was no feasible means of directly
measuring frame deflection. The alternative was to model the frame of the haul truck
using FEA and using strut pressure data as the physically collected input.
The frame of a Iypical haul truck consists of box section main rails, tubular cross
members, and castings al critical stress transition zones. Near the front, a rigid horse
collar structure accommodates the strut mounts while providing clearance for the engine
and associated propulsion equipment. For the purpose of this analysis, frame stresses at
critical locations are not of interest; rather, capturing the true deflection shape is the
intent. Hence, the model created represents the overall dimensions and metal thickness
properly. However. details and features that would have little effect on the overall
deformation of the frame have been omitted (see Figure 5+12). The dc-featured FEA
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model is sufficient to capture the true deflection shape, but frame slresses at transition
regions should be ignored.
Figure 5-12: Balli Truck rramel4 and De-reatured rEA Model
5.2.2.1 Strut Force Boundary Conditions
Modem haul trucks are equipped with telemetry capable of monitoring most of the
onboard vital systems. The truck investigated here was equipped with pressure
transducers in each of the four hydro-pneumatic suspension struts for use in a payload
metering system. By attaching a laptop to the onboard payload meter, it was possible to
acquire real·time pressure data at a rate of 50 Hz. It was then possible to determine the
corresponding forces and moments applied to the frame using the strut active areas
collected from the manufacturer, and relevant dimensions (moment anns) that were
measured directly.
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In the FEA, the four struts are modeled as spring elements. At the rear, the struts are
attached to the frame with a clevis pin mounted in a spherical bushing. This ensures a
straight line-force with no significant moment applied to the frame. In the FEA, the
line-forces from the spring elements are distributed evenly over the nodes representing
the clevis pinhole. At the front, the upper strut housing is rigidly bolted to the horse
collar al four locations. Here, both a vertical force component and an associated moment
are transferred to the frame structure (Figure 5·13). In the FEA, a rigid region is defined
between the nodes of the strut mount and a node located the appropriate distance away to
capture the moment ann effect. This way. the vertical strut force present in the spring
element is transferred to the horse collar as both a vertical force and moment.
Figure 5-13: Front and Rear Suspension StrutslS
Much of the strut pressure data collected for this investigation was collected with the
truck moving. For the most part, this was done to interfere with normal production as
little as possible. By multiplying the force difference between the right and left struts by
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the appropriate moment arm, moments about the truck centerline ex.erted onto the frame
by the front and rear strut-pairs can be plotted (Figure 5-14). As can be seen, these forces
are dynamic in nature. This analysis, however, is purely static. Each haul run begins
with the truck parked nex.t to the shovel getting loaded with ore (see Figure 6-1). The
underfoot conditions at this location are characterized by soft uneven ground. The data
used for this FEA was the static strut pressures after the last shovel bucket of ore is
placed into the dump body, and the truck is stationary momentarily before being cleared
to proceed along the haul route (shown in red, Figure 5-14).
i 1,lXXl,lXXl
;! 5IXl,lXXl
Figure 5-14: Front and Rear Moment Data Calculated from Strut Pressure Data
A large component of the raw strut pressure data, however, is the weight of haul truck
including the engine, propulsion systems, etc. To remove this component, averages of
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dynamic dala were collected with Ihe truck 'running empty' along a relatively smooth
portion of the haul road. These running empty average pressures were then subtracted
from the raw data leaving only the ore load component of the strut forces. In the FEA,
the self-weight of the body and frame were neglected, leaving only the ore load to be in
equilibrium with these strut forces. The end result was that the frame twist demonstrated
in this analysis is due solely to the way the ore load is distributed onto the four struts
while the truck is parked on uneven ground.
5.2.2,2 Haul Body - Frame Interaction
Modeling the interaction between the frame and the haul body using conventional
boundary conditions (forces, pressures, displacements, etc.) would have been difficult.
The weight of the body and ore load is distributed onto the hinge pins and rubber pads,
and this distribution changes significantly as the frame twists. Since a FEA model of the
dump body was already in existence, the simplest solution was co import the model
combining both body and frame into a single FEA, leaving it to the software to work out
the appropriate force transfer between them.
The rubber pad support was modeled by meshing the region between the dump body
stringers and the main rails of the frame with solid elements. Modeling the hinge pin
connection. however, was a little more difficult. It was necessary to fOITIl a connection
between the two models that accurately represented the force transfer and allowed free
rotation about the pin axis. Defining a rigid region comprised of the nodes representing
the pinholes. would accomplish the force transfer. Without allowing the rotation DOF
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aboUllhe hinge, however, there was a risk of over-constraining the FEA model. Instead,
the following hinge-pin representation scheme was devised.
The pinholes for the body and frame are nearly concentric in the FEA model because in
the real structure there is a slight cleardnce to allow for rotation about the hinge. For each
hole, a node was placed in the center of the circle and a series of very stiff springs
connect this center node to the ouler nodes of Ihe circle fonning a 'wagon wheel' pattern.
For each near pair of holes, all of thc center node degrees of freedom were coupled using
constraint equations with the exception of rotation aboullhe pin axis. Thus, the nodes in





Figure 5-15: 'Wagon Wheel' Representation or Hinge Pin Connections
Ideally, these very stiff springs would have been defined as rigid regions. Problems were
encountered, however, in that the master node of a rigid region cannot be used in other
constraint equations. The reason for this has to do with how constraint equations are
handled by the solution process. Constraint equations define a relationship between the
nodal DOF of a group of nodes called slave nodes and one master node. When processed
by the software. the nodal DOF for each of the slave nodes are condensed out of the
element stiffness matrix, keeping only those of the master node. If a master node for one
constraint equation is used as a slave node in another, errors occur. What happened here
was that the constraint equations coupling the DOF at the center would be processed,
condensing one of the center nodes out of the stiffness matrix. When the constraint
equations defining the rigid region were processed, a master node was named that no
longer existed in the stiffness matrix, and the solution would terminate. This scenario
would work as long as the constraint equations were processed in the right order. The
AN$Y$ software, however, offered no means of controlling the order of constraint
equation processing. The problem was circumvented by replacing the rigid region links
between the pinhole and center nodes with a series of very stiff springs instead.
There was also a concern that adding large stiffness constants may adversely affect the
condition of the clement stiffness matrix, which would in tum adversely affect the
reliability of the results. This was addressed by choosing a spring constant that was stiff
enough to be considered rigid with respect to this region of the FEA model, but was no
larger than Ihe highest pivot term reported by the solver in previous solutions. In other
words, the large terms added to the matrix for these stiff springs were no larger than the
largest already there, and the condition of the matrix was not adversely affected.
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5.2.2.3 Combined Frame - Body FEA Results
Figure 5-16 is a picture of the frame and body FEA model used for the frame twist
analysis. The many colored arrows indicate the pressure applied to the inside faces of the
body by the weight of the ore load. The spring elements representing the fOUf struts can
be seen in light blue. AI the top of each spring element. rigid region constraint equations
dislribuu: the line-forces onto the appropriate nodes of the frame. At the lower ends of
each strut spring. displacement boundary conditions constrain all nodal displacements.
FIgure 5-16: Fnme and Dump Body FEA Model
The most pronounced shape of displacement observed with this frame analysis was
tonion about the truck centerline. That is, the frame twists like a corkscrew in response
(0 the opposing moments applied by a difference in the two fronl strut forces and the two
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rear strut forces. In the FEA, front and rear strut force differences were applied as
vertical displacement differences in the lower nodes of the front and rear strut springs.
According to the collected strut pressure data, the moments about the truck centerline for
the front and rear struts do not balance. This means, there is a significant moment
component coming from the fact that the ore load is placed slightly off-center in the
body. Even though the moment ann of ore load resulting force is a little as 145mm (the
dump body is 8m wide), this moment must be taken into consideration in order to capture
the true frame torsion present. It was possible to capture this effect by offsetting the load
shape slightly in the load application algorithm. This would require, however, integrating
the load shape function to detennine the appropriate amount to offset the load. Instead,
time was saved by applying a force couple thaI balanced the front and rear moments.
This couple was applied as line forces acting along both ouler edges of the body floor, far
away from any regions of particular interest.
Ideally, we would like to re-run this analysis with an offset load shape rather than a force
couple correction. Unfortunately, the resources required to re-solve the PEA model are
no longer available. The version of ANSYS used by Memorial University of
Newfoundland is the University high option, and is limited to 32,000 nodes. This finite
element model was assembled and solved on an unlimited version of the ANSYS
software licensed for use at SCL's Edmonton Research Center. The combined frame and
dump body FEA model described here has over 930,000 nodes. Re-meshing the model to
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fit under the 32,000 node restriction would have detrimental effects on the convergence
of the results.
The effect that frame torsion had on the dump body was as expected. Frame torsion
causes localized bending in some bolster-stringer intersections. which resull in tensile
stresses. Furthermore, this occurs most extensively near the hinge pivots. This result is
supported, at least in Syncrude's experience. by the fact that the bolster·stringer
intersections in this region develop cracks first, regardless of the make or model of the
haul truck. Under static conditions, parked fully loaded on uneven ground, the
intersection between the sixth bolster from the front and the left-hand-side stringer had
the greatest amount of tension present. To be more specific. the tension was present on
the inside edge and the rearward-most rounded corner of the innennost bolster-stringer
intersection (see Figure 3-2).
The bolster stiffeners in this hinge pin region are slightly different from those described
earlier in that they are slighlly smaller and are not tapered. Instead, they havc a constant
cross-section from the outer edge of the one stringer to the outer edge of the other.
Outward from the stringers, these bolster stiffeners have a tapered cross-section like the
rest. As described by Figure 5-17. the exaggerated results of the shell element model
indicate the presence of localized bending stresses in this bolsler-slringer intersection.
The hypothesis presented earlier was that this bending would be reversed completely
from that described in Figure 5-7, and would look similar to Figure 5-8. When subjected
to a realistic frame deflection. however. the results were in fact a combination of both.
Nonetheless, at the outer edge of this intersection, the bolster bottom plate is defonned
upward. which is the appropriate direction to produce tension in the material near the
weld toe.
Roor Stiffeners Near Hinge Pin
Figure 5-17: Floor Stiffener Deformation nellr Hinge Pins
The top and bottom results of the shell elements on either side of the stringer intersection
indicate the state of stress through the bolster, with the assumption of a linear variation
through the material thickness. From the trial analyses of Section 5.1, it was noted that
the stress results at the comer intersection of a shell element analysis were not
significantly different than the varialion of stress through the thickness near the weld toe
in a solid element model of the same region. It was therefore concluded that the shell
element model does adequately represent this region, and the results obtained can be
interpreted as follows:
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The top and bottom results on the inward side of the intersection are -70 MPa and -170
MPa respectively (see Figure 5-18). The interpretation of this is that superimposed onto
120 MPa of uniform, compressive membrane stress in this area is 50 MPa of a pure
bending stress. The combined state of stress, however, in entirely compression. On the
outer edge, where cracking commonly occurs, the situation is different. This time, the
top and bottom results indicate -168 MPa and +100 MPa respectively. Again, a
secondary bending stress is superimposed onto a compressive membrane stress, however,
this time the bending stress of 134 MPa is great enough to overcome the 34 MPa of
compression, producing tension near the weld toe. This tension is causing the crack
propagation problems of the area.
Shell Element Model
Figure S-18: Interpretation orSbell Element Model Results
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Again, it should be noted that this was an analysis of a static situation only. To reiterate
slightly, the above analysis indicated that the frame of a mining truck docs deflect under
nonnal operating conditions, resulting in a displacement of the dump body supports,
which is a form of structural loading. In response to this support displacement, localized
bending stresses in some bolster-stringer inte~tions near the hinge pivots reverse with
sufficient magnitude to produce tensile stresses. As a fully loaded haul truck drives over
uneven ground, the frame can be expected to deflect similar to this, but back and forth,
causing the stress at the weld toe to alternate between tension and compression. In
addition to this, under dynamic conditions, one would expect the peak tension to be
greater than that seen here under static conditions. It is the presence of alternating tensile
stresses greater than 100 MPa, at the toe of a weld with poor fatigue resistance, that is
causing the extensive crJ.cking problems observed in this area.
Chapter: 6 Conclusions and Future Directions
The static analysis presented in this work, models the frame deflection of a fully loaded
haul truck, parked at the shovel on uneven ground, prior 10 commencing a haul run
(similar to Figure ~I). In addition, this analysis models the effect this deflection has on
the dump body, and the results indicate the presence of tensile stresses in the floor
stiffener intersections. Since this deflection is aclUally a twist along the truck frame, we
can ellpect thai it will twist back and forth, as the truck drives over uneven ground,
resulting in an ahemaling state of compression and tension. The magnitudes observed
would easily explain fatigue cracking if present in a dynamic environment; and it is
expected thai a dynamic analysis of this tTUck would produce stresses greater than
observed here. In conclusion. frame deflections caused by normal service conditions are
the primary cause of fatigue cracking in the bolster·stringer intersections of mining truck
dump bodies in oil sand operations.
Figure 6-1: Haul Truck Parked at Sbo,'el, Rec:eiving Last Load Pass
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The frame, being the backbone of the cntire truck structure, is the most crucial, most
studied, and most analyzed part of the trucks design. Changing frame designs to better
suit the dump body is not something that is likely to happen. The haul body, being
significantly cheaper, is much more likely to be modified. It is the recommendation of
this work to account for movement in the haul body supports when analyzing or
designing future mining truck haul bodies.
New and improved haul truck designs, however, will do nothing to reduce the cost of
maintaining existing fleets. Many companies, such as SeL, have large fleets of mining
trucks currently in service. What can be done to mitigate the cost of weld repairs to these
floor stiffener intersections? Several feasible alternatives exist including: replacing the
current dump body design with onc chosen specifically for its ability to accommodate
frame deflections, and modifying existing body dcsigns to improve the fatigue strength of
the floor stiffener intersections.
6.1 Entire Body Replacement
Most standard haul truck bodies have a traditional box-style bolster-stringer floor
stiffening arrangement, which has been demonstrated to not respond well to the normal
frame deflections of the truck during service. Other stiffening arrangements, however,
may accommodate frame torsions better. One such body design, by the Chilean
manufacturer Dicsa-Tricon, is called the DT·HiLoad (shown in Figure 6-1). The DT-
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HiLoad is a lightweight design with an unconventional floor stiffening arrangement
currently being considered by SCL's truck maintenance group to replace the existing
bodies for the entire 930E fleet.
The most notable difference in this design with respect to conventional designs is the
reduction in the need for external wall stiffeners by utilizing the stiffness of curved
plates. Although the floor does contain external stiffeners, they are of an I-Beam
construction. Most significantly, the way these widthwise stiffeners intersect with the
lengthwise stiffeners is different from traditional designs in that the inte~tion is not
welded in place. Instead, reinforced contact pads are placed at the inte~tion (Figure
&.2). By allowing slight movemenlS at this location, the cracking problems of traditional
designs may be reduced.
Figure 6-2: DT·IliLoad Body Design. CkJ.se.up or Floor Stiffener Intersection
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Syncrude Canada Limited has purchased one such body for trial purposes 10 see how this
design will perfonn in oil sand mine operating conditions. In addition to this, there is a
request from the truck maintenance group to investigate Ihe relative pelfonnance of this
new design when subjected to the same loading conditions. The recommendation for
future work in this area is to conduct a FEA of this lightweight design, applying the same
loading conditions studied earlier, and to compare the structural response of both designs.
Together with the perfonnance of the trial body soon to be in service, an educated
decision should be possible as to which body design should be purchased as a
replacement for the entire 930E fleet.
6.2 Modification of Existing Bodies
The other option to reduce the costs of weld repair would be to modify current designs.
As stated before, localized bending in bolster-stringer intersections causes high stresses
that the welds in the region are unable 10 withstand. Modifying the structural
arrangement to reduce or eliminate this localized bending would be a cumbersome task,
and one that is nol feasible. Currenl cracking problems ellist, however, not because high
stresses ellist in this region, but because a weld is located there as well. Intuitively, one
could remedy the problem by removing the weld instead of the high stresses.
Although this is much easier said than done, the solution is quite ingenious. Simply cut
out the troubled sections of the haul bodies and replace these sections with integral
one-piece components of the same geometry. In the comers currently referred to as the
bolster-stringer intersection. localized bending will continue to cause high stresses.
These components. however, would be fabricated without welding and would replace the
fillet welds of the intersection with rounded corners. This way. the fatigue life of the
region would be substantially enhanced. Such components would have to be welded into
place, but they can be welded with full-penetration butt-welds at locations away from the
localized bending. Under much lower stress conditions. the fatigue life of these welds
ought to be satisfactory.
.-..urt 6-3: Modincatlon Details
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0,4104661., •• , ....1l,.".
0,4104661,.dispLF"COS(9)., ••UY•••




































































I Rigld Region Master Nodes



























0,4104661. " •• ,ALL, •••
0,4104661.,dlopLF'COS(9)••• ,UY.".
0,4104661. ,dispLF'SIN(9). ".UZ•••••
I R9h\Front Strut oispl""emooI
0.4104660." •. ,ALL,."
0.4104660. ,dispRf·COS(9)•• "UY, •..
0.4104660.,dispRF·SIN(9).• ,.UZ." ••




0.3104655." •• ,ALL•• ,.,


















0,4104660. ,d;spRF'SIN(9), , •.Uz, .•••
I LeflRear Strut o;splacomenl
0.3104654. ".,,ALL,, .••













O,4104661." •• .ALL.• , ..
0,4104661 ..dispLF·COS(9}, •• ,UY.,.
O,4104661.,d;"I'LF·SIN(9j" ••UZ•• "
I RighlFrootSlruto;splacenwrt
0,4104660", •• ,ALL., ••
0,4'04660. ,dispRF·COS{9)•• "UY, ••
0.4\04660.,dispRF·SIN(9)" ••UZ•••
I LeftRearStrutDisplacttm<lfl1
O,3104654." .. ,ALL., •• ,
0.3104654, ,dispLR•• "UY. ,.
! Right Rear SWI O;spIacemenl












0.4104661, •• , ,,ALL,. ".
0,4104661,.dispLF·COS(9).".UY•• ,






0.31G4654, •• ".ALL•• , ••
0.3104654••displR" .•UY••..•
!RIgI1IRearSIMDispl""emenl














!/TITLE.LOAD CASE 3, Coml>in8d R...uIIs
ILCWRITE.3•••.J
!LCDEF,4,4" ! I"am.. I'EA Load Cas.. OperaliOM
I•••••••••••••••••••••••••••••••••••••••••••••••••••••"H'"
I····················································· .
! Combir>ed \l30E Frame and Dull'lfl Body FEA Model






































































































































































































































































































































































































































































































PPATH,PS1X,1 I P....... RislMR.
POEF.STAT
AVPRIN,O,O,
POEF, .U.Y,AVG ! MapfIOng Rewlls 10 Palt'l
PAGET.R_PIlIh,TABL I Storing Path Itoms In A".ay
,-------------
:==-Wriling~~~
!IEOF
,~
271




